A variable-temperature single-pass absorption gas cell with an optical pathlength of 147.5 cm was designed and built for spectroscopic measurements of gases of atmospheric interest. The cell is optically matched to a Bomem DA8.3 Fourier transform spectrometer. A heating/cooling system enveloping the cell, used together with a Neslab ULT-80 thermal bath, allows spectroscopic studies of gas samples at temperatures ranging from 205 to 350 K and at pressures up to 1 atm. Tests of the optical, thermal, and vacuum operation of the system were performed. Spectra of the 3ˆ0 vibrational -rotational band of carbon monoxide were recorded from 225 to 348 K and used to determine the rotational gas temperatures. These results were compared with values obtained using thermocouples, in order to assess the thermal performance of the new system. A second temperature-controlled cell 25-cm long, able to withstand pressures up to 30 atm, was also used to record CO spectra. We have recorded high-resolution FTIR spectra of CO and CO perturbed by N 2 at temperatures from 295 to 348 K. The spectra were analyzed to determine pressure broadening and pressure-induced shift coefficients, along with their temperature dependence for several transitions in the second overtone band of CO. The results, especially for self-broadening, are in excellent agreement with other recent measurements reported in the literature. q
Introduction
Over the past two decades, ground-based and satellite remote sounding spectroscopic techniques have been employed to monitor the concentrations of gases of atmospheric interest. Ultimately, the accuracy of the analysis of the data recorded by all these sounding techniques depend entirely upon having available accurate spectroscopic data for the gases of interest as a function of temperature and pressure. While significant advances have been made in the determination of CO line parameters in the second overtone band [1 -9] , including broadening and shift coefficients, the temperature dependences of the broadening and shift coefficients have not been studied extensively.
In the first part of this study, we present a new experimental facility designed in our laboratory for the measurement of spectroscopic features and the study of their temperature dependence in the infrared, visible and ultraviolet spectral regions. This new facility meets these requirements by combining the high resolution of the Fourier transform spectrometer along with the high thermal and pressure stability of the gas samples under investigation and elimination of spectral contamination caused by external gases such as H 2 O and CO 2 . A 25-cm long heatable cell was used to record additional CO spectra. In the second part of this study, we report measurements of high-resolution absorption spectra of CO self-broadened and broadened by nitrogen at temperatures in the 225 -348 K range. The spectra were analyzed to determine pressure-broadened line-widths and shifts over the range of temperatures for many transitions in the second overtone band of CO. These values have been used to determine the temperature dependence of the self-and N 2 -broadening and shift coefficients for the CO lines.
The new experimental facility

The Fourier transform spectrometer
The Bomem DA8.3 Fourier transform spectrometer utilizes a Twyman -Green interferometer that has a best resolution of 0.0026 cm 21 at 4000 cm 21 . The output of the spectrometer is a f =4 sample beam produced by a 908 off-axis parabolic mirror with an effective focal length of 32.4 cm. The operational vacuum inside the spectrometer is 0.3 Torr using a two-stage rotary pump with pumping speed of 1.5 l/s. The general layout of the system is shown in Fig. 1 .
The transfer optics
The transfer optics used in the facility are responsible for the localization of the interference pattern produced by the interferometer at the detector. The configuration for the transfer optics is illustrated in Fig. 2 .
The 908 off-axis parabolic mirror of the Bomem DA8.3 Fourier transform spectrometer forms a convergent f =4-beam which is relayed through the 147.5-cm long gas cell and focused on the detector. In order to collimate and re-direct this beam along the axis of the inner cell ( Fig. 1) , a 908 off-axis (Aero Research Company) parabolic mirror PM 1 with an effective focal length of 20.4 cm and a diameter of 5.1 cm is used. The entrance optics are enclosed in an evacuated tank (Transfer Optics Tank I, in Fig. 1 ). After mirror PM 1 , the collimated beam traverses the entrance window W 1 of the inner cell and the gas sample and leaves the inner cell through the exit window W 2 .
The beam after reflection by PM 1 has some divergence caused by the finite size of the light source. For PM 1 , the source is represented by the image of the entrance iris diaphragm of the Twyman -Green interferometer inside the Bomem DA8.3 spectrometer. The angle of divergence, u; can be determined from the relationship u ¼ r=f ; where f is the effective focal length of PM 1 , and r is the radius of the iris image. The radius of the entrance iris can be varied from 0.5 to 10 mm and its image at D 1 has the same diameter because the collimating and the focusing mirrors inside the interferometer have equal effective focal lengths. The distance between the center of PM 1 and the plane of W 2 is about 200 cm.
Another 908 off-axis parabolic mirror, PM 2 , with an effective focal length of 32.4 cm and diameter of 9.6 cm (ABB Bomem Inc.) focuses and re-directs the beam along the axis of the second evacuable transfer optics tank. After the focal point of PM 2 , at D 2 , the divergent beam is collected by the elliptical mirror EM and is focused on the detector. Both parabolic mirrors PM 1 and PM 2 are made of solid aluminum coated with a protective layer of magnesium fluoride (MgF 2 ) to prevent oxidation and ensure high reflectance from the ultraviolet to the infrared region. The iris diaphragms D 1 and D 2 filter out the diffracted light produced by the ruled surfaces of the diamond-turned mirrors inside the spectrometer and the cell. The use of evacuated transfer optics tanks eliminates spurious absorption by gases outside of the actual absorption cell.
Both mirrors PM 1 and PM 2 are mounted inside the facility by means of adjustable opto-mechanical supports, which differ only in their size. These mounts were designed to provide three-dimensional control of the mirror position (three degrees of translational motion and three degrees of angular motion). Coarse rotation and translational motion along the z-axis are achieved by moving and rotating the whole assembly with respect to the mechanical axis of the cylindrical transfer optics tank. Fine rotation adjustments are produced by applying differential torques to screws attached to the mounts.
The gas cell and thermal control system
As shown in Fig. 3 , the absorption cell is surrounded by a cooling/heating system and a vacuum jacket. The optical length of the gas absorption cell is 147.5 cm; the optical ports welded to the gas cell have a diameter of 8 cm and are provided with independent electrical heaters to remove thermal gradients along the gas cell. All mechanical and vacuum components for the gas cell are made of stainless steel.
The windows used in the facility are made of UV-grade synthetic fused silica. To suppress channel spectra caused by multiple reflections of the sample beam between the surfaces of the windows, the windows were wedged at an angle of 30 arcmin. The inside surfaces of the windows were positioned at about 18 with respect to each other. This small 3 . A cross-sectional view of the gas absorption cell and the vacuum jacket. 1, vacuum jacket; 2, adjustment post; 3, gas absorption cell; 4, electrical heaters; 5, gas inlet; 6, heat carrier inlet; 7, heat carrier outlet; 8, thermocouple channels; 9, yoke-like mount for the thermocouple channels; 10, heat carrier channels; 11, welds for U-shaped channels; 12, welds for strips.
angle was adjusted using an external He -Ne laser. The windows have a diameter of 10 cm and thickness of 0.8 cm at the thicker edge. For fused silica, with an apparent elastic limit of 6:8 £ 10 7 N/m 2 [10] , and an unsupported window diameter of 8 cm, windows of this thickness can withstand pressure gradients up to 8 atm with a safety factor of 4, which determines the maximum pressure of the gas samples [10] .
It is not a trivial matter to make a large absorption cell and hold it at a constant uniform temperature. Here, we employed two main design features, (i) the absorption cell was centered inside a vacuum jacket to minimize thermal conductive/convective coupling to the outside cell and (ii) heating/cooling was supplied by temperature-controlled fluid in direct contact with almost the complete cell body. Some of the details are illustrated in Fig. 3 , a cross section of the vacuum jacket (1) and the cell (3). When operated above room temperature, heat loss through the insulated support rods (2) , is compensated through the use of heaters (4) . Welded to the outside of the cell are channels (10) that guide the cooling/heating fluid back and forward along the full length of the cell as shown in Fig. 4 . The inlet (6) and outlet (7) are located in adjacent channels to minimize thermal gradients. The standard error (specified by the supplier) for T type thermocouples is^1 K. The readings of cell thermocouples were measured with a Standford Research Systems SR630 thermocouple monitor. Heating/cooling was provided by a Neslab ULT-80 thermal bath using Fluorinert electronic fluid FC-77.
To measure the temperature of gas samples, thermocouples are mounted inside the cell. The thermocouple wires pass through the gas outlet and then through four stainless steel tubes, (8) equally spaced by yoke-like mounts (9) . The thermocouple tubes have slots where the thermocouple point welds are in direct contact with the gas sample. The locations of the T type thermocouples are shown in Fig. 5 .
The gas cell has gas inlet and outlet fittings at opposite ends to allow continuous flow of the gas sample when necessary. The heat carrier channels are terminated before the gas inlet and outlet fittings, i.e. the fittings penetrate the wall of the gas cell. During operation the vacuum jacket was pumped down to pressures as low as 4 £ 10 26 Torr.
Thermal performance of the system
The temperature performance of the cell was tested in two ways. After setting the circulator to a desired temperature, the system was allowed to reach thermal equilibrium (1.5 -4 h). On the first test, only the thermocouple readings were compared. Near 225 K the mean temperature of the thermocouples immersed in the gas was 225:61^0:31 K and for those on the surface of the cooling jacket it was 230:05^4:33 K. Near 348 K, the corresponding readings were 348:19^0:17 and 351:75^1:01 K, respectively. Clearly, the surface measurements are less reliable than the gas measurements, showing both a bias to high values and larger deviations and therefore larger temperature gradients. The second test was a test of the thermocouples themselves. Here, we measured the line strength, or more precisely the ratios of line strength in the CO second overtone spectrum, and compared these ratios with those calculated using data given in the HITRAN database [11] .
The temperature dependence of any spectral line can be determined using the line intensity expression given by
In this expression, S n is band intensity, g i ; the degeneracy including the weight of nuclear spins, T; the temperature of the gas sample, y i the transition wavenumber, y 0 is the band origin, E 00 i the lower state energy, Q rot ðTÞ the rotational partition function, L H the Höln -London factor and lR 3 -0 l 2 is the reduced matrix element for the band. At any temperature, the internal molecular partition function can be written as QðTÞ ¼ Q vib ðTÞQ rot ðTÞ: There are several measurements of S n available in the literature [2, 6, 7] . The transition wavenumbers and lower state energies were taken from the HITRAN molecular database [11] . In the ratio of two line strengths many terms cancel out leaving a temperature-dependent value that depends mostly on the energy level spacings. Fig. 6 shows measured spectroscopic ratios of the S R3 to S R11 transition of the 3ˆ0 band of CO in the range of 343 to 353 K. The solid line is the value calculated using HITRAN data. The temperature for the experimental points is the mean internal thermocouple reading. Clearly, the internal thermocouples yield a reliable measure of the gas temperature. In fact, the process can be reversed, i.e. the ratios of the two intensities can be used to determine the temperature. This approach was applied to several Table 1 , using a selection of line intensity ratios. The measured and calculated temperatures consistently agree to 0.21 K or better. Clearly, the cell performs exceptionally well at providing a well-determined temperature over the length of the cell and over the range of temperatures from 225 to 350 K. 
High resolution absorption spectra of CO
In the first part of this paper we used the measured spectra to extract the line strength, a property of isolated molecules. In this section, we extend the measurements and extract the width and shift of the lines, properties that reflect the effect of perturbers. As mentioned in Section 1, the widths and shifts and their temperature dependence are essential input parameters for all models of atmospheric absorption.
Ten FTS CO -N 2 spectra with 0.015 cm 21 resolution were recorded using the 147.5 cm long cell described in Section 2.4 and 10 additional CO spectra were recorded with a short (25-cm-long) heatable cell [14] , equipped with CaF 2 windows. The thermal performance of this second cell has been evaluated in the past and compares well with the newly built temperature-variable long cell. The small cell is provided with five thermocouples. The rotational gas temperature agrees within 0.3 K with the thermocouple readings for temperatures ranging from room temperature to 350 K. A summary of the experimental conditions for all spectra used is presented in Table 2 . The 1% mixture of CO -N 2 was purchased from Matheson Gases. The gas pressure inside the cell was measured with an MKS 120 AA capacitance manometer calibrated by the manufacturer to an absolute accuracy of The numbers in parentheses are one standard deviation in units of the last digit quoted.
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0.05% of the full-scale reading. The pressure inside the vacuum jacket was monitored using a cold cathode gauge (Penning gauge). A quartz-halogen source, a liquidnitrogen-cooled InSb detector and a CaF 2 beamsplitter inside the FTS were used. All the spectra were recorded at 0.015 cm 21 resolution. The estimated uncertainty in the pressure and temperature measurements were 0.1% and 0.3 K (based on retrieved rotational gas temperatures), respectively.
The first step in the analysis was to perform the wavelength calibration of all the spectra. The wavenumber scales of the spectra were calibrated using positions of water vapor lines reported by Toth in his 1998 study of water lines [12] . The water vapor lines used for the calibration were produced by absorption of residual water within the evacuated spectrometer tank. For the majority of the CO lines the absolute uncertainty in our measured line center positions is about^0:0001 cm 21 or better, as determined by the least-squares procedure. The absolute accuracy of the line positions, however, is dependent upon the accuracy of the water vapor line positions used in calibrating the wavelength scales of the spectra.
The spectral profiles were analyzed using a multispectrum fit technique [13] and asymmetric Voigt profiles, The numbers in parentheses are one standard deviation in units of the last digit quoted. where S i is the line strength, y i the line center position, g i the Lorentz half width at half maximum (HWHM), Y i the line mixing coefficient in the weak mixing limit (Rosenkrantz approximation), and d i is the pressure shift.
Measurements of the Lorentz self-broadened widths, N 2 -broadened widths, and pressure-induced shifts and their temperature dependence were determined by analyzing all spectra simultaneously in spectral segments of 15 cm 21 at a time using an interactive multispectral nonlinear leastsquares fitting technique. The differences between the experimental spectra and the calculated spectra were minimized by leaving the values of the various line The difference between the experimental R-branch or P-branch data and the polynomial fit to the self-broadening coefficients.
parameters mentioned above as adjustable parameters in the least-squares solution. The absorption features were fitted to a Voigt profile with a line-mixing component in the Rosenkrantz approximation. Initial values for the line positions, intensities, self-broadened widths and pressureinduced shifts were taken from the HITRAN database [11] . The zero percent absorption line for each spectrum was modeled using a fourth order polynomial [13] . The multispectrum fits also accounted for the FTS phase error and FTS line shape for the Bomem DA8 instrument. In the analysis, the Doppler-broadened halfwidth of each line was fixed at its theoretical value, calculated as 
In the above expressions, n 0 is the line position (in cm
21
) at zero pressure, d
0 the pressure shift in cm 21 /atm, G represents the line halfwidth in cm 21 at pressure p: The temperature dependence of the halfwidth is n, and gðT 0 Þ the broadening coefficient at the reference temperature T 0 (296 K). The temperature dependence of the pressure shifts and broadening coefficients will be discussed in the following sections.
The temperature scaling law for the Voigt broadening coefficients is convenient as it allows experimentalists to bring their data to a common fixed temperature. It provides a convenient way to interpolate between results for different temperatures, and is a valuable tool for atmospheric modeling.
In Tables 3 and 4 we present our Lorentz self-and N 2 -broadening and shifting coefficients. The uncertainties listed in parentheses correspond to one standard deviation of the measured quantities in units of the last quoted digit. These errors represent only the uncertainties as obtained from the multispectrum least-squares fits and do not reflect errors arising from other systematic sources. Systematic errors arising from sources such as calibration standards, pressure and temperature determinations and uncertainties in the volume mixing ratios of N 2 are difficult to assess, but are probably as large. The accuracy of the line parameters Fig. 11 . Self-shifting coefficients as determined from multispectrum fits to the P-and R-branch lines at room temperature. Fig. 12 . N 2 -shifting coefficients as determined from multispectrum fits to the P-and R-branch lines at room temperature. Tables 3 and 4 also depends on errors related to the experimental set-up, such as detector nonlinearity, stability of the source, etc. The overall accuracy of the results also depends on the determination of the 100% transmittance level, zero level of the spectrum and background level of the spectra and choice of appropriate line shape model. The multispectrum fitting techniques take into account any zero level offsets by treating them as fitted parameters. Based upon estimated errors due to various sources (calibration of pressure gauges, lack of knowledge of continuum level or zero transmission level, sample purity, phase errors, shape of the instrumental line profile, etc.) the absolute uncertainities in our measured broadening and shifting are 2 and 8% (or better), respectively. All results are at room temperature with the width determined by fitting with a Voigt profile modified with line mixing in the Rosenkrantz approximation. Our results agree very well within error bars with measurements from other groups [3,5 -9] . Note that for a PðJÞ transition, m equals 2J and for a RðJÞ transition, m equals J þ 1, where J is the rotational quantum number. Fig. 8 shows our N 2 broadening results and those of Hennigsen et al. [3] , both for room temperature and using a Voigt profile in the fitting routine. The two sets are in agreement within the combined estimated error bars. Our results are more extensive and more precise. To the best of our knowledge there are no theoretical calculations of the broadening coefficients in this band, either for CO -CO or CO -N 2 . Fig. 13 . Symmetric and antisymmetric components of the room temperature line self-shifts in the 3ˆ0 band of CO.
The self-and foreign-broadening coefficients for R branch lines have been fitted to a polynomial:
The values for the b 0 to b 7 coefficients for self-and N 2 -broadened transitions are given in Table 5 .
Our values for the broadening coefficient along with the fitted values for the R-branch are shown in Figs. 9a and 10a . Figs. 9b and 10b present the residuals or differences between the experimental R-branch or P-branch data and the polynomial fit to the broadening coefficients. It can be seen that the deviations are small (within the estimated error bars).
The temperature dependence exponents of the broadening coefficients vary with m, indicating a small but noticeable variation of the line shape with rotational quantum number. We have fitted the experimental values for n to the expression:
Fitted values of the coefficients are given in Table 5 .
In addition to the broadening coefficients, we have also retrieved the pressure shifts using the multispectrum fitting technique. The room temperature self-and N 2 -pressure shift coefficients obtained in this study are also listed in Tables 3 and 4 of other authors. It is well known that the pressure shift coefficients are transition dependent. From Figs. 11 and 12, it is clear that unlike the broadening coefficients, the shift coefficients in the two branches show different m dependences.
As shown in Ref. [15] the shifts d 0 may be decomposed as a function of m into a symmetric component d 0-s and an antisymmetric component d 0-a : Indeed, the vibrational dephasing contribution d iso coming from the isotropic part of the potential is symmetric in the P-branch with respect to the R-branch, such as d iso ð2mÞ ¼ 2d aniso ðmÞ:
The symmetric and asymmetric parts of the pressureinduced shift coefficients for CO -N 2 and CO -CO are plotted in Figs. 13 and 14. As for broadening, there are no known theoretical calculations of the shifts for this band. The shift coefficients determined in the present work appear to vary linearly with temperature. We have used a linear expression to model the temperature dependence of the line-shift coefficients using dðTÞ ¼ dð296 KÞ þ n 00 ðT 2 296 KÞ ð 7Þ
The values obtained for n 00 are included in Tables 3 and 4 and are plotted against m in Fig. 15 . The limited range of temperatures covered by our spectra affects their overall reliability as far as extrapolation for temperatures outside the 296-348 K range.
A different scaling law for the pressure shifts used by Varanasi's group [15] dðTÞ ¼ dð296 KÞðT=296 KÞ Our analysis using a Voigt profile modified with line mixing in the Rosenkrantz approximation also allowed us to investigate the asymmetric component of the profiles and retrieve the estimated room-temperature line mixing coefficients for CO and CO -N 2 . In our approach we have neglected the temperature dependence of the line mixing coefficients. The retrieved coefficients are listed in Table  6 . The uncertainities given in parentheses represent one standard deviation in the measured quantity as determined by least squares spectrum fits in units of the last digit quoted. In Fig. 17 , we plot our room temperature results for CO and CO -N 2 . The observed antisymmetry with rotational quantum number is consistent with measurements of line mixing coefficients in the 1ˆ0 [16] and 2ˆ0 bands [14, 17] . The mixing coefficients in the R-or P-branches pass through zero near the center of gravity of the branch.
Conclusions
In the first part of this paper we have described a new single-path temperature-controlled gas absorption cell design which allows measurements of the spectroscopic parameters of gases over a wide temperature range. Tests of the optical, thermal, and vacuum performance of the facility have been conducted and have successfully demonstrated the capabilities of the facility for use in spectroscopic studies of gases. Particular attention was given to the thermal characteristics of the cell and we demonstrated that the rotational gas temperatures are within^0:21 K of the averaged readings of The numbers in parentheses are one standard deviation in units of the last digit quoted. the thermocouples mounted inside the cell. The temperature gradients inside the cell are within^0:31 K, highlighting the very good performance of this system.
We have recorded and analyzed the spectral profiles of 20 P and R-branch lines of CO in the 3ˆ0 band broadened by N 2 and self-broadened at temperatures between 225 and 348 K. Our analysis using a Voigt profile modified with line mixing in the Rosenkrantz approximation allowed us to determine the room temperature Lorentz broadening coefficients. The Lorentz broadening coefficients at room temperature are in good agreement with the experimental results of other groups [3,5 -9] . The multispectrum fits allowed us to determine the temperature exponent, n; of the Lorentz broadening coefficients. The size of the n coefficients are slightly different for self-and N 2 -broadened transitions.
Using our experimental set-up we obtained consistent and accurate results for the pressure-induced shifts in the 3ˆ0 band. Our results are in qualitative agreement with measurements from other groups [2,3,6 -9] . There are no theoretical calculations for pressure-induced shifts in this band. We have also examined the temperature dependence of the shifts and based on our limited data set and temperature range coverage, it appears that the shifts follow a linear scaling law with temperature. Lastly, we have retrieved the weak line mixing coefficients. Their size and pattern with m are similar with observations for the lower vibrational bands [14, 16, 17] .
